Glutamine has beneficial effects on enterocytes and the immune system in sepsis, but its effects on hepatic metabolism remain unknown. The aim of the present study was to determine the effects of glutamine on hepatocyte energy metabolism under conditions of neonatal endotoxaemia. Suckling Wistar rats were injected intraperitoneally with 200 µg/kg lipopolysaccharide. Oxygen consumption was measured polarographically in hepatocytes respiring on either palmitate (0.5 mM) or palmitate plus glutamine (10 mM). Total hepatocyte oxygen consumption was similar in hepatocytes from control and endotoxic rats, but this was due to a decrease in intramitochondrial and an increase in extramitochondrial oxygen consumption in the cells from endotoxic animals. The addition of glutamine to hepatocytes from endotoxic rats restored intramitochondrial oxygen consumption to control levels. Although glutamine did not reverse the inhibition of the thermogenic proton leak observed in endotoxaemia, it significantly increased oxygen consumption due to mitochondrial ATP synthesis (P l 0.03). Glutamine significantly increased the hepatocyte ATP/ADP ratio (P l 0.02 compared with hepatocytes from endotoxic rats). Electron microscopy revealed morphological damage to the mitochondria of hepatocytes from endotoxic rats, and a return to a normal appearance with the addition of glutamine. We conclude that glutamine reverses the inhibition of mitochondrial metabolism that is observed in endotoxaemia. The effect is primarily at the level of ATP synthesis.
INTRODUCTION
Sepsis remains a major cause of morbidity and mortality, particularly in neonates with abnormal gastrointestinal flora and\or those receiving intravenous feeding [1] [2] [3] . There are many metabolic and pathophysiological alterations associated with sepsis [4] ; however, existing knowledge on the metabolic response to sepsis in infants is limited. Adults respond to sepsis and trauma with an initial hypermetabolic response [5] . However, we have shown recently that infants and children do not have a hypermetabolic response to inflammation and sepsis, indicating that it is not possible to adapt recommendations made for adults to the paediatric population [6, 7] .
During the host response to systemic inflammation, cytokines prime neutrophils and macrophages for microbial killing and the production of significant quantities of reactive oxygen species, which have been implicated in liver damage in several experimental models of sepsis [4, 8, 9 ]. We have demonstrated that H # O # and NO, major reactive oxygen species produced during sepsis, impair oxidative metabolism in neonatal hepatocytes [10, 11] . Derangement of liver metabolism may result in impaired glucose homoeostasis, hyperbilirubinaemia, impairment in the synthesis of albumin and acute-phase proteins and metabolic acidosis [12] , and a proportion of infants with sepsis progress to failure of the liver and other organs [13] .
The non-essential amino acid glutamine is the most abundant amino acid in plasma, and has several important physiological roles [14] . During sepsis, endogenous glutamine stores are mobilized, gut glutamine uptake is diminished and the liver and immune system become its major consumers, such that net glutamine utilization exceeds production and glutamine becomes ' conditionally essential ' [15, 16] . The enhanced hepatic glutamine extraction in sepsis has been attributed to increased hepatic gluconeogenesis, ureagenesis, glutathione production and synthetic and proliferative activities [17, 18] . The provision of exogenous glutamine improves nitrogen balance, attenuates skeletal muscle proteolysis [19, 20] and is essential for the immune system to mount an adequate immune response [21] . Glutamine is not routinely included in paediatric parenteral nutrition, but has been shown to have beneficial effects in premature neonates [22] . In neonatal hepatocytes, glutamine and its dipeptides reversed the inhibition of oxidative metabolism caused by H # O # and NO by providing a substrate for glutathione synthesis [23] .
We hypothesized that endotoxaemia would affect neonatal liver oxidative metabolism, and wished to determine whether glutamine would have any effects on neonatal liver metabolism during endotoxaemia.
METHODS

Experimental model of endotoxaemia
A model of neonatal intraperitoneal sepsis was created by injecting suckling (11-13-day-old) Wistar rats with 200 µg\kg of 12.5 mg\l lipopolysaccharide (LPS) (Escherichia coli 055 :B5 ; Sigma, Poole, Dorset, U.K.). A control group received isovolaemic normal saline. The dose of endotoxin was adjusted according to a scoring system based on that of Morton and Griffiths [24] . Rectal temperature was measured using a digital probe. All experimental protocols were in accordance with local and national rules for the proper care and use of experimental animals.
Hepatocyte isolation
At 2 h after injection, at which time the behaviour, clinical signs and appearance of the LPS-injected animals were altered, animals were killed by cervical dislocation, and hepatocytes (viability 85 % in both control and endotoxin-treated groups) were isolated [10] . Alanine aminotransferase activity was measured spectrophotometrically in 100 µl plasma samples using a kit (Infinity4) obtained from Sigma. Plasma tumour necrosis factor-α Oxygen is consumed extramitochondrially, and intramitochondrially by the respiratory chain. Mitochondrial oxygen consumption can be blocked completely by myxothiazol, and the proportion of mitochondrial oxygen consumption that is used to generate ATP can be blocked by oligomycin.
(TNF-α) was measured by ELISA using an antibody against rat TNF-α (R&D Systems, Oxford, U.K.). The dry weight of the cells was measured after drying them in an oven at 80 mC for 3 h.
Oxygen consumption
Oxygen consumption was measured as described previously [10] in hepatocytes from control and endotoxintreated animals after a 40 min incubation with either palmitate (0.5 mmol\l in 0.5 % BSA) or palmitate plus glutamine (10 mM) as substrate.
Intra-and extra-mitochondrial O 2 consumption
Hepatocyte extramitochondrial O # consumption was measured after incubation of hepatocytes with 2.5 ng\ml (saturating [10] 
ATP production and thermogenic proton leak
Measurement of ATP and ADP
Incubations were carried out as described above using hepatocytes from control and endotoxic rats in the presence of palmitate or palmitate plus glutamine. Incubations were quenched with 400 µl of 20% (v\v) 
Hepatocyte morphology
Incubations were carried out as described above. After a 40 min exposure to palmitate with and without the addition of glutamine, cells were centrifuged (475 g for 2 min). Fixation and electron microscopy were performed as described previously [10] .
Statistical analysis
Data are expressed as meanspS.E.M. Statistical analyses were performed using an unpaired Student's t test. Calculation of errors of values derived by subtraction was carried out using the formula given in Appendix 1. Results demonstrating P values of 0.05 were considered significant.
RESULTS
Experimental model of endotoxaemia
At 2 h after the injection of endotoxin (LPS), 90 % of the rats showed marked changes in behaviour, clinical signs, respiratory rate and appearance. Behavioural changes were characterized by less mobile, less alert animals which no longer congregated and had stopped suckling. Rectal temperature in rats that had been injected with endotoxin was decreased significantly (by 3.3p0.25 mC; n l 40 ; P 0.0001) compared with that in animals injected with normal saline, and the respiratory rate was markedly increased and shallow. There was a dramatic increase in the concentration of plasma TNF-α (control, 20.0p1.6 pg\ml ; endotoxaemia, 481.0p56.6 pg\ml ; Upper panel : total, intra-and extra-mitochondrial oxygen consumption was measured in hepatocytes isolated from control ( ) and LPS-injected () rats, as described in the Methods section. Values are meanspS.E.M. ; n l 25 in each group. Significance of differences : *P l 0.03, **P l 0.01 for hepatocytes from endotoxic compared with control rats. Lower panel : oxygen consumption used for oxidative phosphorylation and the thermogenic proton leak in hepatocytes isolated from control ( ) and LPS-injected () rats was estimated as described in the Methods section. Values are meanspS.E.M. ; n l 12. Significance of differences : *P l 0.019 compared with control. n l 6; P 0.0001). However, there was no difference in plasma alanine aminotransferase activity between the control and endotoxin-treated rats, indicating that the endotoxin insult was not great enough to cause overt liver damage at this stage.
Total, intramitochondrial and extramitochondrial oxygen consumption in hepatocytes from control and endotoxic rats
Total oxygen consumption by hepatocytes from animals treated with endotoxin was similar to that by hepatocytes from control animals (P l 0.08) (Figure 2, upper panel) . However, when intra-and extra-mitochondrial oxygen consumption were measured separately, there was The effects of exogenous glutamine on O 2 consumption in hepatocytes from control and endotoxin-injected rats were measured. Values are meanspS.E.M. Top : intramitochondrial O 2 consumption. Significance of differences : *P l 0.03 for endotoxaemia compared with control ; **P l 0.02 for endotoxaemia compared with endotoxaemia plus glutamine. Middle : O 2 consumption used for oxidative phosphorylation. Significance of differences : *P l 0.03 compared with endotoxaemia without glutamine. Bottom : hepatocyte ATP/ADP ratio as measured by HPLC. Significance of differences : *P l 0.019 compared with endotoxaemia without glutamine. Open bars, control ; filled bars, LPS injected. a significant inhibition of intramitochondrial oxygen consumption in cells isolated from endotoxic animals compared with cells from control animals (P l 0.02 ; Figure 2 , upper panel). In addition, there was a significant increase in extramitochondrial oxygen consumption in hepatocytes from endotoxic animals compared with those from controls (P l 0.03 ; Figure 2, upper panel) . 
Thermogenic proton leak, phosphorylation and ATP/ADP ratio in hepatocytes from control and endotoxic rats
Using specific inhibitors, as described in the Methods section, we estimated the hepatocyte oxygen consumption used for the generation of ATP and that used for the thermogenic proton leak. O # consumption due to the proton leak was significantly diminished in hepatocytes from endotoxic rats as compared with controls (P l 0.01) (Figure 2, lower panel) . O # consumption due to the phosphorylation pathway by cells from endotoxin-treated rats was similar to that by cells from control animals (P l 0.84). The ATP\ADP ratio was similar in control (1.66p0.15) and endotoxic (1.78p0.18) cells.
Effects of glutamine on total cellular, intramitochondrial and extramitochondrial oxygen consumption in hepatocytes from control and endotoxic rats
Total O # consumption in control hepatocytes was not changed by the addition of 10 mM glutamine (1.92p 0.12 and 1.94p0.11 nmol : min −" : mg −" dry weight without and with glutamine respectively). However, total O # consumption was increased in hepatocytes from endotoxic rats on incubation with 10 mM glutamine (1.66p0.08 and 2.13p0.10 nmol : min −" : mg −" dry weight without and with glutamine respectively ; n l 14 ; P l 0.001). This increase in O # consumption was not due to a further increase in extramitochondrial oxygen consumption (1.02p0.14 and 0.93p0.13 nmol : min −" : mg −" dry weight without and with glutamine respectively ; n l 14 ; P l 0.64), but to a significant increase and restoration to control levels of intramitochondrial O # consumption ( Figure 3 , top panel).
Effects of glutamine on oxygen consumption for oxidative phosphorylation and the thermogenic proton leak, and on the intracellular ATP/ADP ratio, in heptocytes from endotoxic rats
Glutamine did not influence intramitochondrial O # consumption utilized for the thermogenic proton leak (endotoxaemia alone, k0.26p0.15 nmol : min −" : mg −" dry weight ; endotoxaemia plus 10 mM glutamine, k0.11p0.13 nmol : min −" : mg −" dry weight). However, it significantly increased the O # consumption utilized for ATP synthesis (Figure 3 , middle panel), and this was reflected in an increase in the cellular ATP\ADP ratio Hepatocytes were incubated as described in the Methods section, fixed and studied by electron microscopy. Left : control -normal ultrastructural organization. Nuclear and cell membranes are intact, and abundant rough endoplasmic reticulum is present. Mitochondria are of normal size and shape, with distinct cristae. Middle : endotoxaemia. Mitochondria are swollen and pale, with indistinct cristae and disrupted membranes ; there is mitochondrial outer membrane fusion. Vacuolization has occurred, with indistinct rough endoplasmic reticulum in the cytoplasm. Right : endotoxaemia plus 10 mM glutamine. Mitochondria are active and well defined with distinct cristae ; there is reduced vacuolization in the cytoplasm and well defined rough endoplasmic reticulum. Original magnification i22 000.
above that in both control and endotoxic cells (Figure 3 , bottom panel).
Hepatocyte morphology
Electron microscopy of control hepatocytes demonstrated normal cellular ultrastructural organization (Figure 4 , left panel) : cell membranes were regular and without interruptions, rough endoplasmic reticulum was abundant, and numerous well-formed, active mitochondria were present. Cristae were well represented and intact, as were mitochondrial inner and outer membranes. However, distinct ultrastructural changes were noted in hepatocytes from endotoxin-treated rats. Mitochondria were swollen and pale, with indistinct cristae and disrupted membranes. In addition, mitochondrial outer membrane fusion was observed ; this is preliminary to the formation of megamitochondria. Vacuolization and indistinct rough endoplasmic reticulum were also present in the cytoplasm (Figure 4, middle panel) . The appearance of hepatocytes from endotoxin-treated rats to which 10 mM glutamine had been added, however, was similar to that of hepatocytes isolated from normal rats, i.e. the presence of active, well defined mitochondria with distinct cristae (Figure 4, right panel) .
DISCUSSION
In previous experiments with neonatal hepatocytes isolated from control rats, we showed that H [10, 11] . In the present study, we developed an in vivo model of neonatal endotoxaemia in order to investigate the complex biochemical and physiological response to sepsis. A single intraperitoneal injection of LPS was used in order to limit experimental variability [25] . LPS injection resulted in a consistent change in behaviour and appearance of the animals, a significant drop in core body temperature and a dramatic increase in circulating levels of TNF-α when compared with saline-injected controls. These findings are consistent with those in neonates with Gram-negative sepsis. There was, however, no increase in plasma alanine aminotransferase, indicating that at this stage there was no overt liver damage.
The measurement of hepatocyte O # consumption is representative of cellular oxidative energy metabolism. In the present model of neonatal sepsis, a significant decrease in hepatocyte intramitochondrial oxygen consumption was offset by a reciprocal increase in extramitochondrial O # consumption ; as a result, total hepatocyte O # consumption remained unchanged as compared with controls. These findings are consistent with those reported in a recent study by our group : in contrast with the hypermetabolism observed in adults with sepsis, infants and children with systemic inflammatory response syndrome and sepsis show no significant increase in resting energy expenditure [7] . An inhibition of hepatic mitochondrial oxidative function has been suggested in an adult rat model of sepsis [26] ; that study suggested that inhibition of complex II of the respiratory chain was the cause of the decrease in mitochondrial oxi-dation, a suggestion in keeping with our present results. The finding that overall cellular oxygen consumption was unchanged in our ex vivo model is in contrast with our findings in an in vitro model, in which both H # O # and NO, putative mediators of sepsis, inhibited hepatocyte oxygen consumption [10, 11] . This could be due to the observed increase in extramitochondrial oxygen consumption in vivo that does not appear to occur in shortterm incubations of control hepatocytes with NO or H
In support of this hypothesis, incubation of control hepatocytes with LPS and cytokines causes an increase in extramitochondrial O # consumption [27] . The increase in extramitochondrial O # consumption is probably due to an increased requirement for cytosolic detoxification and repair processes that consume O # . To explore possible sites of action of endotoxaemia on intramitochondrial oxidative metabolism, we used specific, well defined inhibitors of mitochondrial enzymes. Myxothiazol is a potent and specific inhibitor of complex III of the respiratory chain [28] , as is oligomycin of the ATP synthase [29] . The following assumptions were made : (i) myxothiazol and oligomycin are completely specific ; (ii) inhibition of complex III or ATP synthase does not stimulate extramitochondrial O This type of analysis has been used previously to estimate proton leak and ATP turnover in hepatocytes isolated from rats with differences in thyroid status and metabolic conditions [30, 31] . In hepatocytes isolated from endotoxic rats there was a significant decrease in intramitochondrial O . It should be emphasized that this is not a direct measurement of the proton leak or of the activity of ATP synthase. O # consumption due to the phosphorylation pathway or the proton leak is representative of flux through these pathways. This suggests that, in the livers of endotoxic rats, there is an inhibition of intramitochondrial substrate oxidation and a consequent decrease in the thermogenic proton leak, whereas ATP synthesis remains unchanged. In support of this, the ATP\ADP ratios were similar in cells from control rats and endotoxic rats, suggesting that rates of ATP synthesis were indeed maintained. The lower thermogenic proton leak may contribute to the fall in body temperature that we observed in these endotoxic animals, as it is now thought that the proton leak in hepatocytes contributes to wholebody heat generation [31, 32] .
There has been considerable recent interest in the adaptation of glutamine metabolism in response to critical illness. The depletion of tissue stores of glutamine in sepsis makes the benefit of its exogenous administration an obvious question. Glutamine has many roles : a vehicle for transfer of nitrogen between tissues and for urinary nitrogen excretion, a regulator of protein synthesis, a precursor for nucleic acid biosynthesis, an oxidizable fuel which enters the tricarboxylic acid cycle via glutamate, a gluconeogenic amino acid, and a precursor for the antioxidant glutathione. The effects of glutamine on parameters of liver function during sepsis in neonates are unknown. In order to explore its potential therapeutic use, hepatocytes from both control and endotoxic animals were incubated with glutamine. The addition of glutamine to hepatocytes from endotoxintreated rats resulted in a significant increase in overall O # consumption compared with hepatocytes from endotoxic rats, to levels similar to those in hepatocytes from control rats (incubated in either the presence or the absence of glutamine). Hepatic substrate oxidation serves two purposes : firstly, provision of ATP for anabolic purposes, and secondly, generation of heat via the proton leak [31, 32] . Measurement of ATP and ADP levels by HPLC demonstrated a significantly increased ATP\ADP ratio in hepatocytes from endotoxin-treated animals respiring on glutamine as compared with similar cells respiring on palmitate (P l 0.02), or with cells from control rats respiring on palmitate alone or on palmitate plus glutamine. This result is in agreement with the stimulation of oxygen consumption due to ATP synthesis in hepatocytes from endotoxic rats incubated with glutamine, and with a study showing that septic rats fed with glutamine-supplemented parenteral nutrition had a higher hepatic ATP\P i ratio than those on standard parenteral nutrition [33] .
We hypothesize that ATP is needed for tissue repair and maintenance of ion transport during endotoxaemia, and that substrate utilization is diverted towards ATP production at the expense of the proton leak and heat generation. Glutamine restores hepatic oxidative metabolism, possibly by increasing the synthesis of glutathione [23] , which has been shown to protect the activity of the respiratory chain complexes [34] . Although in the present study the concentration of glutamine was high (10 mM), our previous studies suggest that lower concentrations of glutamine may also be effective [23] . Further studies are needed to better characterize the effects of endotoxaemia and glutamine on hepatocyte metabolism. In addition, it is necessary to determine whether supplementation of glutamine in the diet (in vivo) will produce the same beneficial effects on hepatocytes as were demonstrated when glutamine was added to the hepatocyte directly (in vitro), and whether these effects are mediated by glutathione status. 
